INTRODUCTION
This paper will provide an overview of the initial reflection spectrum experiments conducted to utilize the unique characteristics of the 12-axis dual transducer ultrasonic workstation, which has been designed and fabricated at MSU [1] . This system was designed as an oblique incidence research scanning tool unlike commercially available multi axis machines which are more suited for contour following and high speed scanning. Through the implementation of DSP processors, it has become possible to process and image the ultrasonic data in near real time, using a personal computer such as a 486 PC.
Because of the 12-axis system's capability to arbitrarily position the ultrasonic probes in an oblique configuration, it is possible to obtain ultrasonic data in a polar fashion (see Figure 1) . It has been shown previously that the reflected signals produced by oblique incidence carry the necessary information to quantify many of the material properties of composite materials [2, 3] . Extensive characterization of a composite structure can be performed using measurements of the scattered/reflected waves. Additional information may be obtained by using the off-axis geometry of the ultrasonic probe. In this way, a 3-dimensional polar grid of the scattering can be mapped. In this paper, a brief description of the 12-axis ultrasonic imaging system will be provided. This will be followed by discussion of the experimental results using the volumetric (azimuthal angle-incidence angle-frequency) reflection spectrum data obtained on unidirectional and anisotropic graphite epoxy composite laminates.
12-AXIS ULTRASONIC IMAGING SYSTEM
The development of low cost ultrasonic scanning systems have become possible due to the availability of high speed PC based data acquisition systems, low cost robotic components, and mUlti-processor DSP boards. The primary objective of the 12-axis system is to provide ease and repeatability in performing oblique incidence ultrasonic testing without eliminating the high speed scanning capabilities of current ultrasonic workstations. Reduction of data processing time is achieved by using DSP boards which perform near real time waveform analysis and data reduction. A schematic of the system is shown in Figure 1 with the listing of each of the degrees of freedom. This laboratory research tool has a unique configuration utilizing two carts, one carrying the transmitting transducer and one a receiver, each traveling independently about a circular track. To fully explore the characteristics of anisotropic, inhomogeneous fibrous structures, it is necessary to be able to place the transmitter and receiver transducers in arbitrary positions relative to the composite laminate. The robotic interface allows automated oblique orientation of either single or dual transducers, providing incidence angles ranging from O· to 70·, and azimuthal angles between -90· and +90·. Figure 2 shows the initial set of various oblique incidence configurations which have been implemented at present to utilize the potential offered by the ultrasonic reflection characterization and the guided wave behavior in elastic and visco-elastic structures. The linear XY scan has also been incorporated to allow for the traditional normal scans. Figure 3 is the system configuration, which allows the simultaneous performance of robotic motion, waveform data acquisition, and waveform signal processing. Complimenting the robotic system is a data analysis package which utilizes a digital signal processing CDSP) board consisting of two Motorola 96002 floating point processors. Each of the processors is rated at fifty million floating point operations per second. These two processors along with the cpu of the 486, all working in parallel or in a pipeline architecture, allow for near real-time analysis of waveforms in both the Muld-peak Ga1lna Figure 3 . 12-axis data acquisition / processing configuration.
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time and frequency domains. Thus, DSP processors are also used to compress the ultrasonic data. Much emphasis has been placed on developing a software interface which incorporates a variety of signal processing tools for near real-time waveform analysis. Features which have been incorporated to achieve this objective are waveform averaging, multiple peak gating, frequency gating, etc. The first processor is responsible for all feature extractions, while the second processor is reserved for data compression and signal filtering algorithms. The open ended nature of the system allows it to be used both for real-time and post processing, and the structured C Figure 4 . 12-axis system speeds.
-Assembly language code allows additional algorithms to be developed and added independently. Figure 4 summarizes some of the typical processing and scanning speeds of the system. As can be seen, the speed limitation is imposed by the motion control, and not by the nsp cards.
INITIAL EXPERIMENTS -Reflection Factor Spectrum
In order to demonstrate the capability of the 12-axis system, as well as study the concept of material characterization using ultrasonic reflection spectrum, several azimuthal angle -incidence angle-frequency volumetric data sets were collected. To obtain the reflection factor behavior, the hemispherical scan configuration, shown in Figure 5 , was performed by varying both the azimuthal and incidence angle of both the transmitter and receiver probes. Both transducers had the same target point within the specimens, and the angle of incidence was equal for both probes. As the angle of incidence (measured for each probe from the vertical-ex) was varied from 8 to 40 degrees in 2 degree increments, an azimuthal sweep (8) from 0 to 90 degrees was simultaneously accomplished by both transducers. Thus, the incidence and the reflected beam was maintained along the same plane for each azimuthal angle. Only the magnitude of the Fourier spectrum at each data point was computed and stored. A pair of 1 MHz broad band transducers (1 MHz bandwidth) was used for all the experiments reported here. This type of scan was performed on three graphite laminates: {040h, {-45/45s}s, {20/110s}s· Figure 6 shows the volumetric reflection data collected from the unidirectional graphite laminate by performing the hemispherical scan. This 3-D data was collected for all three laminates. Slices from this data can be taken from within the volume in any format: vertical, horizontal, or even in an oblique plane and analyzed. Figures 7 to 15 represent various slices from the volumetric data collected for the different laminates. Figure 7 and 8 show the variation of the incidence angle with the frequency for different azimuthal angles for the {04oh and the {45sf-45 s }s specimens, respectively. In the past, these planes have been used to obtain dispersion plots where the minimas (dark regions) in the reflection spectrum were indicative of the existence of plate wave modes [4] . The angle of incidence is a trigonometric function of the phase velocity. Therefore, dispersion curves at any azimuthal angle can be obtained. For the {040h laminate, the patterns are observed to be symmetric about the 0' azimuthal angle as expected. Unlike the plot for the unidirectional laminate, the same plot (Figure 8) for the angle ply laminate shows no symmetry. This is caused by the inhomogeneity of the ply pattern.
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• l: .8rCY f_rt,.-...enH. . Figure 9 and Figure 10 show the mapping of the peak amplitude of the frequency with the azimuthal angle for different incidence angles for the unidirectional specimen and the angle ply laminate. When plotted in this manner, smooth horizontal streaks are seen for the unidirectional specimen, whereas a more complex pattern results for the angle ply laminate. This is probably the least explored manner of viewing the data.
The magnitude of the frequency spectrum is plotted for the azimuthal and incidence angles for different frequencies for the unidirectional specimen in Figure 11 . Since the resonant frequency used was 1 MHz, the middle slice is plotted in a 2-D fashion as shown in Figure 12 for the {04oh laminate. In this figure, it can be seen that the entire pattern is centered around the 0' azimuthal angle. This was expected since this is the primary fiber direction for this laminate. Mapping the peak amplitude of the frequency for the azimuthal and incidence angles for the angle ply laminate is shown in Figure 13 . Taking the frequency slice of 1 MHz, and plotting its reflection factor behavior with the azimuthal and incidence angles (Figure 14) , it is now seen that two distinct patterns exist. One pattern is centered around the -45 degree azimuthal angle, while on the right side, the pattern is centered around the +45' azimuthal. The patterns taken separately are similar to the pattern obtained for the unidirectional laminate. The volumetric data was also obtained for another angle ply laminate having the following ply pattern: {20/11O s }s. Figure 15 shows the reflection factor behavior with the azimuthal and incidence angles. Again, the patterns are centered around the primary fiber directions of 20 and 110 degrees.
CONCLUSIONS
A unique versatile low cost 12-axis ultrasonic scanning system has been designed as an oblique incidence research tool with real-time DSP capability. The real time processing power, supplied by the DSP boards, reduces processing time.
Reflection factor spectrums have been obtained and mapped using a volumetric graphical analysis package. This technique shows much promise for characterizing composite laminates. Apart from analyzing the patterns to see distinctive features such as fiber orientations, either the slices or if necessary, the entire volume data can be inverted using advanced inversion algorithms to actually characterize the material state by evaluating the elastic properties.
